Background. Bacterial wilt caused by Ralstonia solanacearum is one of the major constraints in the production of chilies in Pakistan. As the information regarding distribution and prevalence of R. solanacearum is exiguous, the present studies were conducted during 2014-15 to determine the incidence and prevalence of R. solanacearum in the major chili growing areas from different agro-ecological zones of Pakistan. Results.
Introduction
Bacterial wilt caused by Ralstonia solanacearum is a serious threat to solanaceous crops both in temperate and tropical regions of the world (Hayward, 1991) . Bacterial wilt is ubiquitous in distribution with varying proportions. In Bangladesh up to 31% disease incidence has been reported on egg plant (Hussain et al., 2005 ). An incidence of 55% and 25% has been recorded on chili and potato crops respectively from the major chili and potato producing regions of Ethiopia (Bekele et al., 2011) . In Peru, in the Amazon basin, banana plantations were found affected with Rn solanacearum and have to be demolished due to quick spread of the pathogen all over the Peruvian Jungle (French & Sequeira, 1968) .
The pathogen has been reported to invade over 450 plant species from 54 botanical families (Wicker et al., 2007) and incur huge yield losses. The maximum damages were reported on potato, tomato and tobacco in USA, Brazil, Columbia, South Africa and Indonesia. In Philippines 15% average losses were recorded on tomato crop, 10% in capsicum and aubergine, and 2-5% in tobacco (Zehr, 1969) . Losses of 30-70% in potato and up to 65% in brinjal in India and 30% in peanut in China have been reported (Darong et al., 1981; Sitaramaiah & Sinha, 1983) . In India, the bacterium caused complete failure of tomato crop. Widespread losses on potato have also been reported in Greece (Zachos, 1957) . The bacterium has also been reported to be implicated in disease complexes. The synergistic interactions between Rn solanacearum and root-knot nematodes resulted in heavy losses as compared to their individual losses, rendering the plants prone to bacterial wilt (Chen, 1984; Sitaramaiah and Sinha, 1984) .
Bacterial wilt has also been reported from Pakistan infecting a large number of host plants. It was first reported from Pakistan in 1989 (Geddes, 1989 . The disease is a major production constraint for solanaceous crops including chili. Pakistan is among the major chili producing countries, ranking 5 th in cultivation and 10 th in production in the world (FAO, 2012) .
The yield of chili obtained in Pakistan is quite low (2.53 tons/h) as compared to Morroco (22.04 tons/h) and many other developed countries which can be ascribed to a plethora of biotic factors;
Rn solanacearum being among the major constraints. The pathogen has been categorized into five biovars and five races in different regions of the world and its management is difficult due to its diversified and complex nature. (Hayward, 1964; He et al., 1983; Kelman et al., 1994) .
Environmental factors have traditionally been considered to have the major impact on disease development, spread and distribution. Even if a susceptible host and a virulent pathogen are present in a certain locality, serious disease will not occur unless the environment favors its development. This includes both the aerial and soil (edaphic) environment. Environmental factors may exclude a pathogen from, or greatly reduce its fitness in a particular part of the potential range of a crop. Weather conditions have a great impact on disease development and have been intensively studied as predictors of disease outbreaks. Moisture is the most important environmental factor influencing disease outbreaks caused by fungi and bacteria. Temperature has a much greater effect on disease development in temperate and tropical climates. Soil fertility can also affect development of both soil-and air-borne disease.
In Pakistan, little work has been done about this pathogen (Burney, 1995; Burney & Ahmed, 1997; Burney et al., 1999 ) and the information regarding its incidence and prevalence particularly on chili crop in different agro-ecological zones of Pakistan with different climatic conditions and edaphic factors is exiguous. Ergo, the objective of the current study was to determine the incidence, prevalence and biovar distribution of Rn solanacearum in different agro ecological zones. The study will help the farmers in designing control strategies against the bacterium accordingly. 
Materials & methods

Description of the studied areas
The studies on the determination of incidence and prevalence of Ralstonia solanacearum inciting bacterial wilt of chilies and distribution of biovars of Rn solanacearum were conducted in eight agro ecological zones of Pakistan. Pakistan is situated between latitude 30° 00'N and longitude 70° 00 'E in Asian subcontinent. The climate of Pakistan is almost dry and intense, extremely hot in summers and extremely cold in winters with less rainfall and varies from place to place. The northern parts are having high mountains intermingled with valleys and in the southwards there is Pothowar region followed by Indus plain, 322 km wide and 1287 km long with 1% inclination from north to south. The Baluchistan plateau is in the western parts bordering low to high mountains from north to east. The country has two sandy deserts in the Indus basin;
the Thar Desert in the lower part and the Thal desert in the upper part. With diversified ecologies, Pakistan has been classified into different agro-ecological zones. The salient features of these agro-ecological zones of the country have been described in Table 1 and 2.
Distribution of Ralstonia nolanacearum
For recording incidence of bacterial wilt in Pakistan, an extensive survey of chili was conducted during 2014-15 in 14 major chili cultivating districts falling in 8 agro-ecological zones of Pakistan (Table 3 and Figure 1 ). From each district, 10 sites were randomly selected making a total of 140 sites. From each site one field of chili (~ 1 acre) was randomly selected and 50 chili plants were observed randomly following zigzag pattern for recording incidence of bacterial wilt.
Wilted plants showing characteristic symptoms were recorded and the association of bacterium was confirmed by immunostrip in the field. The incidence of bacterial wilt of each site was calculated as described by Fateh et al. (2017) . Similarly, the incidences from all the districts, agro-ecological zones, provinces and finally the whole country were calculated. Disease prevalence of bacterial wilt in each district, agro-ecological zone, province and the country was also reckoned as described by Fateh et al. (2017) .
Symptomatological confirmation of bacterial wilt
The wilted plants were identified by the characteristic symptoms of the disease. These symptoms include wilting, stunting and yellowing of foliage, leaf epinasty, adventitious root growth on the stem, narrow dark stripes corresponding to the infected vascular bundles beneath the epidermis. Internal symptoms include progressive discoloration of vascular tissues mainly xylem and appearance of slimy viscous ooze when the stems were cut transversely.
Serological Confirmation of Ralstonia solanacearum in wilted plants
The association of Rn solanacearum with the wilted plants in the field was confirmed serologically by using immuostrip (Opina & Miller, 2005) .
Collection of R. solanacearum strains
A total of 114 strains of Rn solanacearum associated with chili were collected from 14 major chili growing districts falling under eight agro-ecological zones situated in four provinces of the country. Chili plants showing the characteristic symptoms of bacterial wilt were excavated carefully along with soil from the rhizosphere, placed in polythene bags, labeled (with host information, locality and date of collection), kept in cold place and brought to laboratory for further analyses.
Isolation of R. solanacearum
The bacterium was isolated from soil and stem samples collected from different sites of each district of eight agro-ecological zones as described below 
Isolation from soil
The bacterium was isolated from soil by using serial dilution method. For this purpose 1 g of soil was taken and homogenized in 9 ml of distilled water and dilution series of 10 6 and 10 7 were made by adding requisite amount of distilled water. By using micro pipette, 100 μl from each dilution series of 10 6 and 10 7 were taken and spread on the Semi-selective Medium South Africa (SMSA) media plates and incubated at 28ºC for 48 h for bacterial growth (Englebrecht, 1994) .
Isolation from Stem
Stem segments of approximately 10 cm in length of wilted plants were taken from collar region, surface sterilized with 70% ethanol and cut into small pieces. These pieces were then kept in 5 ml sterile distilled water for 5 minutes with continuous shaking in a shaker at room temperature. The bacterial suspension (100 μl) from each sample was streaked separately on the TTC (Triphenyle Tetrazolium Chloride) medium, spread uniformly and incubated as mentioned above (Hugh & Leifson, 1953) .
Purification of R. solanacearum
For obtaining pure cultures, a single colony from each bacterial culture isolated from soil and stem were re-streaked on TTC and Nutrient agar media under sterile conditions. The single colonies were taken again from TTC medium and re-streaked on SMSA media containing TZC, Cyclohexamide, Bacitracin, and Penicillin to avoid contamination.
Confirmation of R. solanacearum strains
The purified cultures of 114 strains of Rn solanacearum were further confirmed serologically (Opina & Miller, 2005) and by their hypersensitivity response.
Hyper Sensitive reaction (HR)
The isolates confirmed serologically were tested for hypersensitivity reaction on tobacco.
Bacterial suspension of 10 8 cfu/ml from each isolate was prepared in sterilized distilled water and 
Molecular confirmation
The DNA from the 114 purified strains was extracted, quantified and amplified by using through a 1% agarose gel were visualized with UV light after ethidium bromide staining. All strains yielded a 750-bp band that corresponds to Ralstonia solanacearum
Identification of Biovars
The bacterial strains were identified into biovars on the basis of utilization of different sugars. One gram of each disaccharides (maltose, cellobiose, lactose) and hexsoe alcohol (dulcitol, mannitol, sorbitol) was mixed with 9 ml of sterilized distilled water to make 10% of the solutions. The sugars were sterilized by filtering through 0.2 μm pore size filters (orange scientific, GyroDisc CA-PC sterile, endotoxin-free, Hydrophilic with catalogue No. 1520012
having cellulose Acetate membrane 30 mm) and from each sugar and carbohydrate, 10 ml was added in 190 ml of Ayer's medium, distilled water serving as control. The medium containing agar was plated, a suspension of bacterial culture @10 8 cfu/ml was prepared and 25 µl was taken and inoculated onto the surface of Ayer's mineral base medium amended with carbohydrates. The plates were incubated at 28 o C and observed for the absence or presence of bacterial growth (Hayward, 1964; He et al., 1983 )
Results
The overall incidence of Ralstonia solanacearum in the country was found to be 10% and the prevalence of 76% was recorded. Of the four provinces, maximum disease incidence of 16.4% was recorded in Sindh province followed by Punjab and Khyber Pakhtoonkhwa showing 11.4% and 7% disease incidences respectively. On the other hand minimum incidence of 4.9%
was observed in the province of Baluchistan. As regards prevalence, the same pattern was observed. The prevalence of bacterial wilt was the maximum (94%) in the province of Sindh followed by Punjab and Khyber Pakhtoonkhaw provinces giving 84% and 65% disease prevalence. On the contrary, the minimum disease prevalence of 60% was observed in
Baluchistan province as shown in Figure 2 and 3. Out of 8 agro-ecological zones, the maximum disease incidence of 19.5% was observed in Indus delta followed by Sandy deserts (14.1%) while the minimum disease incidence of 5% was found in Western dry mountains. The disease incidence in other zones ranged between 5.4 and 14.1% as shown in figure 4 . In case of disease prevalence, the maximum disease prevalence was observed in Indus delta which was found 100% followed by 90% of Southern irrigated plains while the minimum disease prevalence of 70% was recorded in Western dry mountains and Suleiman piedmont. The prevalence ranged between 70 and 86.6% in other agro ecological zones as shown in Figure 5 . Of the 14 districts, the maximum disease incidence of 22% was observed in district Badin followed by district Thatta (17%) while the minimum disease incidence was observed in district Loralai of 4.40 %. The disease incidence was found variable in the remaining districts as shown in figure 6 . Similarly, the maximum disease prevalence was found in Thatta, Badin and
Mirpurkhas districts which were 100% while the minimum disease prevalence of 60% was observed in Karak, Loralai and Barkhan districts. The rest of the districts had disease prevalence ranging from 70 to 90% (Figure 7 ).
Identification of Biovars
Out of 114 Rn solanacearum strains, 92 (81%) were identified as Biovar 3, while the remaining 22 (19%) were recognized as Biovar 4. Biovar 3 was recorded from all the four provinces and was found to be predominant in all the provinces while Biovar 4 was found in the Punjab and Sindh provinces only as shown in Table 4 .
Similarly, biovar 3 was observed from all the eight agro ecological zones and found to be predominant. On the other hand, biovar 4 was recorded from four agro ecological zones. The zone wise and district wise distribution of biovars 3 and 4 is given in Table 5 . complex variants, as it does not behave as single bacterium that is why it is described into biovars, races, groups, sub-races and strains. In the present studies an incidence of 10% and prevalence of 76% of bacterial wilt of chilies caused by Rn solanacearum was recorded in the country. Incidence and prevalence varied among provinces, agro-ecological zones and fourteen major chili growing districts of the country.
Variations in the incidence of bacterial wilt are attributable to the diversity of Rn solanacearum strains, variations in soil types in different agro ecological zones.
The maximum disease incidence of 19.5% was recorded from Indus delta while the minimum of 5% was recorded from western dry mountains. The Indus delta and southern Peidmont have small land holdings and do not follow the same cropping pattern. Chili is also not grown repeatedly in certain areas in these zones. These zones except wet mountains receive low rainfall. There is no intensive cropping in these zones. There are reports that the areas with intercropping and repeated cropping practices result in increase in bacterial wilt severity each year (Persley et al., 1985) . It is well documented that Rn solanacearum is more severe in areas having temperature range of 24-35°C (Johnson, 2003; Lemay et al., 2003) as temperature plays an important role in host-pathogen interaction as well as the survival of pathogen in the soil. The variations in soil temperature are more influential in disease initiation and severity as compared to variation in air temperature (Gallegly & Walker, 1949) . The increase in bacterial wilt disease is directly proportional to soil temperature but it varies from cultivar to cultivar (Grieve, 1943; Vaughan, 1944; Kelman, 1953; Mew & Ho, 1977; Tajul et al, 2011) . The movement rate of the pathogen in the stem is directly dependent on soil temperature (32ºC opt.) and moisture (Kelman, 1953) . Vaughan, 1944 
Conclusions
The study provides first comprehensive report about the distribution of bacterial wilt of chilies in all the agro ecological zones of the country. The disease has been found fairly distributed in the country with varying intensities warranting stringent surveillance and control measures to minimize yield losses. Biovar 3 was recorded from all the four provinces and was found to be predominant in all the provinces while Biovar 4 was found in the Punjab and Sindh provinces only. Similarly, biovar 3 was observed from all the eight agro ecological zones and found to be predominant. The information will be helpful in designing control strategies and in breeding programs to develop new resistant varieties accordingly. 
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